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Assessment of cerebral venous return by a novel
plethysmography method
Paolo Zamboni, MD,a Erica Menegatti, PhD,a Paolo Conforti, MD,a Simon Shepherd, PhD,b
Mirko Tessari, VT,a and Clive Beggs, PhD,b Ferrara, Italy; and Bradford, United Kingdom
Background:Magnetic resonance imaging and echo color Doppler (ECD) scan techniques do not accurately assess the cerebral
venous return. This generated considerable scientific controversy linked with the diagnosis of a vascular syndrome known as
chronic cerebrospinal venous insufficiency (CCSVI) characterized by restricted venous outflow from the brain. The purpose of
this study was to assess the cerebral venous return in relation to the change in position by means of a novel cervical
plethysmography method.
Methods: This was a single-center, cross-sectional, blinded case-control study conducted at the Vascular Diseases Center,
University of Ferrara, Italy. The study involved 40 healthy controls (HCs; 18 women and 22 men) with a mean age of
41.5  14.4 years, and 44 patients with multiple sclerosis (MS; 25 women and 19 men) with a mean age of 41.0  12.1
years. All participants were previously scanned using ECD sonography, and further subset in HC (CCSVI negative at
ECD) and CCSVI groups. Subjects blindly underwent cervical plethysmography, tipping them from the upright (90°) to
supine position (0°) in a chair. Once the blood volume stabilized, they were returned to the upright position, allowing
blood to drain from the neck. We measured venous volume (VV), filling time (FT), filling gradient (FG) required to
achieve 90% of VV, residual volume (RV), emptying time (ET), and emptying gradient (EG) required to achieve 90% of
emptying volume (EV) where EV  VV  RV, also analyzing the considered parameters by receiver operating
characteristic (ROC) curves and principal component mathematical analysis.
Results: The rate at which venous blood discharged in the vertical position (EG) was significantly faster in the controls
(2.73 mL/second  1.63) compared with the patients with CCSVI (1.73 mL/second  0.94; P  .001). In addition,
respectively, in controls and in patients with CCSVI, the following parameters were highly significantly different: FT
5.81  1.99 seconds vs 4.45  2.16 seconds (P  .003); FG 0.92  0.45 mL/second vs 1.50  0.85 mL/second (P <
.001); RV 0.54  1.31 mL vs 1.37  1.34 mL (P  .005); ET 1.84  0.54 seconds vs 2.66  0.95 seconds (P < .001).
Mathematical analysis demonstrated a higher variability of the dynamic process of cerebral venous return in CCSVI.
Finally, ROC analysis demonstrated a good sensitivity of the proposed test with a percent concordant 83.8, discordant
16.0, tied 0.2 (C  0.839).
Conclusions: Cerebral venous return characteristics of the patients with CCSVI were markedly different from those of the
controls. In addition, our results suggest that cervical plethysmography has great potential as an inexpensive screening
device and as a postoperative monitoring tool. ( J Vasc Surg 2012;56:677-85.)
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sStrain-gauge plethysmography is a noninvasive tech-
nique that measures variations in electrical resistance asso-
ciated with changes in blood volume, recorded by the
means of a sensor encircling any cylindrical segment of the
body.1,2 Strain-gauge plethysmography, although some
overlaps have been documented in categorizing the pa-
tients with respect to the severity of chronic venous disor-
ders, has been widely used to detect venous abnormalities
in the legs by measuring change in venous volume (VV) in
relation to change in posture and exercise.1 Moreover, the
use of strain-gauge plethysmography to diagnose venous
thrombosis in the lower extremities has been well docu-
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doi:10.1016/j.jvs.2012.01.074ented. By inflating a cuff on the thigh, constriction of
eins causes the VV to rise. When the cuff is released, the
ensor detects rapid venous runoff and a return to the
esting blood volume. If thrombosis is present, the pleth-
smography will detect a delay in the emptying process.3,4
uite recently, strain-gauge plethysmography has been
sed to measure endothelial function as well as the vascular
esponse to vasoactive agents.3,5-10 The technique is more
arely used in the cervical part of the body. Bridges et al11
uccessfully used it to measure changes in cerebral circula-
ion by placing a rubber cuff around the neck of patients.
owever, apart from this early research, little work has
een done on the application of cervical plethysmography.
ecently, a vascular syndrome, defined as chronic cerebro-
pinal venous insufficiency (CCSVI), has been described,
hich is characterized by restricted venous outflow from
he brain and the spinal cord, due to blockages in the
nternal jugular veins (IJVs) and in the vertebral-azygos
ystem.12-21 Occlusion of the extracranial venous pathways
an take various forms, including the presence of intralu-
inal septa, membranes, and immobile valves, as well as
egmentary hypoplasia of the veins.22 We applied cervical
lethysmography to the controversial problem of quantifi-
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September 2012678 Zamboni et alcation of the cerebral venous return, and, in particular, the
diagnosis of CCSVI.18-24
However, due to the inherent variability of the cerebral
venous system, it is difficult using current magnetic resonance
imaging13,16 to accurately detect CCSVI and its possible
association with neurodegenerative disorders such as multiple
sclerosis (MS). On the other hand, a recent meta-analysis
showed that echo color Doppler (ECD) sonography scan
techniques are accurate but technically challenging, examiner
and training-dependent, leading to highly variable results.25
Recently, a consensus conference established a common basis
for ECD protocol in order to improve the reproducibility.26
CCSVI affects the venous return and magnetic resonance
imaging studies have shown that it is strongly associated with
hypoperfusion of brain parenchyma and altered cerebrospinal
fluid dynamics,27-29 suggesting that intracranial fluid distribu-
tion regulatory mechanism may be impaired in individuals
who exhibit CCSVI.
Given this, we hypothesize that occlusion of the ex-
tracranial veinsmight impair the drainage of blood from the
brain in individuals with CCSVI when in the upright posi-
tion and that this might be detectable using cervical pleth-
ysmography. To this end, we designed a study to determine
if cervical plethysmography can be used to characterize
venous drainage abnormalities associated with CCSVI.
METHODS
Patient population. The study involved 40 healthy
individuals and 44 patients with MS, fulfilling the Mac-
Fig 1. B-mode evaluation of internal jugular veins in lo
minal obstacle (septum), and (B) wall stenosis leading toDonald diagnostic criteria, who were referred to the Vas-ular Disease Center for evaluation of cerebrospinal venous
rainage. The entire cohort was informed about the meth-
ds and purpose of the experimental procedure and agreed
o participate by signing an informed consent form. This
rospective study was in accordance with the Ethical Stan-
ards of the Committee onHuman Experimentation of the
niversity of Ferrara.
Echo color Doppler scan investigation. All the study
articipants were noninvasively investigated by means of
ltrasonic scanning with an ECD machine (ESAOTE; My-
ab 70, Genoa, Italy) at the same condition of room tem-
erature (23°C) and with all participants off of drugs influ-
ncing the venous tone. Measurements were all performed
n the morning hours recommending the patients to drink
t least 500 mL after they wake, in order to have compara-
le conditions of hydration. The ECD screening was per-
ormed by authors Erica Menegatti and Paolo Zamboni,
dopting the diagnostic criteria recently approved in a
onsensus conference.26 The ECD protocol includes a
orphologic criterion consisting of B-mode and M-mode
valuation of valve apparatus of the IJVs in order to detect
ntraluminal obstacles such as webs, septa, abnormal, and
xed valve leaflets. In addition, the jugular cross-sectional
rea 0.3 cm2 is considered the stenotic vein wall (Fig 1).
he morphologic criterion needs to be further corrobo-
ated by the following flow abnormalities:
. Reflux in the IJV and/or vertebral vein:
a. Bidirectional flow in one or both of the IJVs in the
dinal plane showing: (A) tiny and hyperechoic intralu-
-apparent reduction of the jugular lumen.ngitusupine and sitting positions or bidirectional flow in
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Volume 56, Number 3 Zamboni et al 679one position with absence of flow in the other posi-
tion (see below). These findings suggest IJV stenosis.
b. Reversal or bidirectional flow in one or both of the
vertebral veins in both positions. These findings sug-
gest stenosis in the azygos vein, based on reports
controlling the Doppler scan parameter in compari-
son with catheter venography.
2. Absence of detectable flow in the jugular vein and/or
vertebral vein:
a. Absence of Doppler scan signal in the jugular vein
and/or vertebral vein, even after deep inspiration, in
both sitting and supine positions or
b. In one posture but with bidirectional flow detected
in the other position. These findings are associated
with stenosis proximal to the point of assessment.
Finally, additional criterion is considered the detection
of reflux in the intracranial veins,26 eventually investigated
through the novel condylar window.30 Patients fulfilling
two criteria are considered CCSVI-positive, whereas pa-
tients fulfilling one extracranial criterion with technical
impossibility to achieve transcranial information are consid-
ered borderline.17
Strain-gauge plethysmography. Both of the cohorts
described above blindly underwent cervical plethysmogra-
phy, performed by authors Paolo Conforti and Mirko Tes-
sari, completely unaware of the results of the previous ECD
screening. The plethysmography process involved placing a
cervical collar around the neck of the study subjects. This
collar comprised a thin silicone rubber tube containing
electrically conductive indium-gallium liquid metal, which
acted as the sensor (strain-gauge plethysmometer; Micro-
lab, Padua, Italy). The silicone used is particularly soft and
special attention was given to the choice of collar size so
that it adhered to the skin surface without creating un-
wanted compression of the underlying vessels. The neck
circumference of each subject was measured individually
Fig 2. The operator places the strain gauge around the
90° to 0° (1.8 seconds). When the blood volume curv
upright position (1.8 seconds).before each test and a collar chosen that best fit the circum-erence of the neck. A platinum electrode was inserted at
ach end of the tube to form an electrical circuit, which was
onnected to a sensitive data logger. As the collar stretched,
t both elongated and reduced in cross-sectional area, thus
ncreasing the electrical resistance of the circuit. By moni-
oring changes in electrical resistance of the circuit, it was
ossible to indirectly measure the cervical venous blood
olume.11
Study participants were placed in a tilt chair (Fig 2) in
he upright position and the collar placed around their
ecks. They were instructed not to move their neck or to
wallow during the test. An angular position sensor fitted to
he chair recorded the chair angle from the sitting position
hroughout the procedure (ie, dotted line in Fig 3). After
alibration, the subjects were tipped from the upright po-
ition (90°) into the supine position (0°), which caused the
lood in the jugular veins to greatly increase in volume (ie,
olid line in Fig 2). Once the blood volume stabilized, the
hair was tilted forward again into the upright position
1.8 seconds), allowing the blood to rapidly drain from
he neck. For each subject, this procedure was repeated
hree times and the average of the three sets of data was
ecorded. An interval of 3 minutes was enforced between
he procedures to allow for blood redistribution. For each
xperimental run, the following key parameters were re-
orded: the VV; the filling time (FT) required to achieve
0% of the VV (90% VV); the residual volume (RV); and
he emptying time (ET) required to achieve 90% of empty-
ng volume (90% EV), where EV  VV  RV. For each
articipant in the study, the mean values of the key param-
ters outlined above were used to determine two metrics:
1) the curve of the filling gradient (FG) and (2) the curve
f the emptying gradient (EG) as follows:
(0.9 VV)
of the subject and rapidly tilts the chair backward from
ches a plateau, the subject is again tilted forward to theneck
e reaFG
FT
(1)
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[0.9 (VVRV)]
ET
(2)
Statistical analysis. Data blindly collected were ana-
lyzed by an independent statistician. Patients with CCSVI
and healthy controls (HCs) were compared on continuous
variables VV, FT, FG, RV, EV, ET, EG, and age using
independent t-tests. A multivariable analysis of variance
(ANOVA; Wilks’ ) was undertaken in order to analyze the
various plethysmography variables for both the patients
with CCSVI and the HCs and to determine statistical
significance. A one-way ANOVA was then used to deter-
mine the F values. Values of P  .05 were considered
statistically significant.
The parameters VV, FT, FG, RV, EV, ET, and EGwere
analyzed by 2 test followed by odds ratio (95% confidence
interval [CI]) and C values, when appropriate; moreover, a
logistic regression model was used to identify the prognos-
tic factors. A stepwise selection was used to select themodel
for CCSVI diagnosis. Receiver operating characteristic
(ROC) curves were performed to summarize the accuracy
of prediction.
Moreover, in a preliminary phase, we found that when
using the metrics above, there was still some overlap be-
tween the CCSVI and the HC groups; a common problem
associated with plethysmography techniques used in the
diagnosis of chronic venous disorders.1 Consequently, we
explored the use of principal component analysis (PCA) as
a means of distinguishing between the two cohorts, using
FG and EG as metrics. These metrics, which between them
incorporate all the key independent variables, were selected
Fig 3. The plethysmographic trace is represented by the solid line,
with the gravitational gradient (measured by the sensor positioned
on the tilt chair) represented by the dotted line. For each experi-
mental run, the following key parameters were recorded: the
venous volume (VV); the filling time (FT) required to achieve 90%
of VV (90% VV); the residual volume (RV); and the emptying time
(ET) required to achieve 90% of emptying volume (90% EV),
where EV  VV  RV.for this analysis because they yielded good visual discrimi- sation between the two cohorts. Analysis was performed by
he means of Matlab (Mathworks, Natick, Mass). PCA is a
athematical technique, developed in the early 20th cen-
ury,31 which uses an orthogonal transformation to convert
ets of possibly correlated variables into a set of values of
ncorrelated variables known as components. It is widely
sed in predictive modeling to determine relationships
etween independent variables and identify the key drivers
n complex high-dimensional systems, like cerebral venous
eturn. The transformation process is such that the first
principal) component of the system exhibits the greatest
ariance (ie, it accounts for as much of the variability in
he data as possible), with each successive component (ie,
he second, third, fourth, and so on) in turn expressing the
ighest variance possible under the constraint that it must
e orthogonal to (ie, uncorrelated with) the preceding
omponents. We report the details of the PCA used in the
resent study in the Appendix (online only).
Finally, Pearson linear correlation between PCA com-
onents and the FG and EG metrics was performed.
ESULTS
Patient population and echo color Doppler scan
creening. The group of healthy individuals was matched
or age with patients (mean age, 41.5; SD 14.4 years vs
ean age of 41.0; SD  12.1 years, respectively; P  NS)
nd also for gender (18 women and 22 men vs 25 women
nd 19 men, respectively; P  NS). ECD confirmed
CSVI in 42 of 44 patients withMS (95%) and in two of 40
Cs (5%). One patient with MS was deemed borderline
nd considered as CCSVI-negative. Accordingly, the whole
opulation was deemed to comprise 44 CCSVI-positive
nd 40 CCSVI-negative (hereafter referred to as HCs)
ubjects. Subsequently, all the study subjects underwent
lethysmography. All the CCSVI-positive patients pre-
ented with the evidence at ECD of an intraluminal obsta-
le in at least one jugular vein and/or absence of flow/
idirectional flow at the level of the junction (Fig 1). Thus,
n all the subjects considered CCSVI-positive, the collar
as placed above one of the detected obstructions.
Plethysmography results. Fig 4 shows representative
ervical plethysmography plots for a healthy individual and
ne diagnosed with CCSVI. From this, it can be seen that
lthough the general shape of the two graphs is similar, the
T and ET are different. In particular, the emptying curve
xhibited by the patient with CCSVI is shallower than that
or the HC, which is almost vertical. Also, for the control,
V approximates to zero, whereas for the patient with
CSVI, RV is approximately 20 mL, indicating that in the
atient with CCSVI, a significant quantity of venous blood
emained trapped above the silicone collar 10 seconds
fter the chair had returned to the sitting position. By
omparison, the corresponding curve for the HC suggests
hat all the trapped blood drained away within a few sec-
nds.
The results of the plethysmography study are presented
n Table I. From this, it can be seen that the FG is much
teeper in the patients with CCSVI compared with the
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Volume 56, Number 3 Zamboni et al 681HCs, whereas for the EG, the situation is reversed. In both
cases, the results are strongly significant. In particular, the
duration of ET required for the venous blood to drain in
the vertical position was significantly shorter in the HCs
(1.84 seconds) compared with the patients with CCSVI
(2.66 seconds; P  .001), suggesting impaired cerebral
venous drainage in the latter group. Furthermore, in the
patients with CCSVI, RV is over twice that in theHCs (P
.005).
The multivariable ANOVA yielded an overall F value of
4.828, which was highly statistically significant (P .001).
The one-way ANOVA returned F values for FT, FG, RV,
ET, and EG which were greater than the critical F value at
the 1% significance level.
PCA. Because the FG and EG incorporate all the
independent variables, these metrics were identified as po-
tential candidates for discriminatory markers to distinguish
between the CCSVI andHC groups. However, when FG is
plotted against EG (Fig 5), considerable overlap exists
between the two groups, making discrimination difficult.
In order to overcome this problem, we used PCA to
identify the raw first and second principal components
(PCs; Craw in the Appendix, online only), which we plotted
against EG and FG, respectively. Fig 6 presents the results
of this analysis. From this, it can be seen that, for the HCs,
there is an exact correlation between the first PC and EG
(R2  1.000) and the second PC and FG (R2  1.000),
whereas the equivalent correlations for the patients with
CCSVI are only R2  .781 and R2  .515, respectively.
This indicates that, in the HCs, the metrics FG and EG
describes entirely the behavior of the venous drainage
system when undergoing cervical plethysmography. By
comparison, the relationship between the first and second
PCs and FG and EG is much less strong for the patients
with CCSVI, suggesting that in these individuals, other
Fig 4. Representative plethysmography plots for a healthy indi-
vidual and a patient with chronic cerebrospinal venous insuffi-
ciency (CCSVI).complicating factors are influencing the drainage of blood through the extracranial venous system. The overall results
f the PCA are presented in Fig 6, which shows the
eighted PCs for both the patients with CCSVI and the
Cs.
Given that the components describe the underlying
ynamics of the system, this implies that there is a profound
ifference in the behavior of the venous drainage system in
he patients with CCSVI compared with the HCs.
Assessment of diagnostic accuracy. The logistic re-
ression model demonstrated that ET has the higher diag-
ostic accuracy (odds ratio, 5.5; 95% CI, 2.29-13.17) C 
.782; percent concordant 78.1, discordant 21.8, tied 0.2
C .782). Furthermore, ET showed: sensitivity 68% (95%
I, 50%-82%); specificity 56% (95% CI, 42%-69%); positive
redictive value 50% (95% CI, 36%-64%); negative predic-
ive value 72% (95% CI, 57%-85%). Moreover, we com-
ared, by ROC analysis, ET with a three-factor model by
sing the parameters ET, FG, and EV and found results
hat do not justify the use of a more complex model (Table
I; Fig 7).
ISCUSSION
The venous system is a complex, low-pressure, free
ommunicating network of vessels, which contains 75% of
he body’s circulating blood. When a subject lies in the
upine position, the absence of any gravitational gradient
auses the blood to be evenly distributed throughout the
ystem. However, when upright, the distribution changes,
nd approximately 70% of the blood volume becomes
ocated below the diaphragmatic line, due to the action of
ravity.32 One of the major regulators of cerebral venous
utflow is posture,33-35 which in the upright position is
ediated by a hydrostatic gradient of approximately 30
m Hg that exists between the cerebral parenchymal veins
nd the heart.34 We hypothesized that the intraluminal
efects and segmental stenosis that characterize CCSVI
Fig 1), might affect the postural regulation of cerebral
enous return. The results of the plethysmography study
eem to support this hypothesis. They reveal a clear and
onsistent picture; namely, that the venous drainage char-
cteristics of the patients with CCSVI are markedly differ-
nt from those of the HCs. Furthermore, the results, which
ere strongly statistically significant, suggest that cervical
lethysmography is able to distinguish between healthy
ndividuals and patients with CCSVI. In our study, when
he subjects were tilted backward into the supine position,
he silicone collar was able to detect the redistribution of
lood coming from the subdiaphragmatic part of the body
nto the IJVs, causing the blood to pool and plateau (Figs 3
nd 4). The filling phase seems to be also hampered in the
CSVI group (Table I). If the venous pathways back to the
eart are impeded by obstructive lesions, then the blood
ill tend to accumulate at a faster rate in the necks of the
atients with CCSVI when supine compared with the HCs.
onsequently, the FT is shorter and the FG steeper in the
CSVI cohort (Fig 4). When the HCs were returned to
he upright position, the gravitational gradient meant that
he blood could readily escape through the cervical veins
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September 2012682 Zamboni et alwith the result that they exhibited a short ET and steep EG.
By comparison, in the CCSVI cohort, this drainage route
seems to have been impaired in many of the patients,
resulting in a shallower EG and a high RV.
The results of the PCA presented in Figs 6 and 8
strongly suggest that, in the CCSVI group, profound
changes have occurred in the venous drainage system com-
pared with the control group. PCA is a powerful data
analysis technique that can reveal insights into the under-
lying dynamics of systems. When weighted PCs are plotted
(as in Fig 8), it is frequently the case that the lesser PCs tend
toward zero (as explained in the Appendix, online only)
leaving just the first PC prominent. When this occurs, as is
the case forHCs in Fig 8, it means that the first PC accounts
for most of the variability in the system. When the second
PC has amplitude approaching that of the first PC, as in the
case of the CCSVI group in Fig 8, then it indicates that the
variability is shared more evenly between the two PCs.
Indeed, in the control group, the first PC accounts for
Table I. Results of study
Variable Units
Controls
(n  40)
Mean
Controls
(n  40)
Median
Controls
(n  40)
SD
Controls
(n  40)
Range
VV mL 5.32 4.93 2.37 1.67-10.
FT Sec 5.81 5.64 1.99 1.50-11.
FG mL/sec 0.92 0.82 0.45 0.28-2.2
RV mL 0.54 0.53 1.31 1.93-4.4
EV mL 4.78 4.52 1.85 2.17-10
ET Sec 1.84 1.78 0.54 0.41-2.9
EG mL/sec 2.73 2.37 1.63 0.85-8.9
Age Yrs 41.45 37.5 14.4 20.00-72
CCSVI, Chronic cerebrospinal venous insufficiency; EG, emptying gradient
RV, residual volume; VV, venous volume.
Fig 5. A considerable overlap area between controls (cross) and
patients with chronic cerebrospinal venous insufficiency (CCSVI;
circles) is clearly visible by plotting the filling gradient (FG) with
emptying gradient (EG) values, respectively.92.8% of the variance within the system, whereas in the sCSVI group, it only accounts for 64.7%. This implies that
here is a profound difference in the dynamic behavior of
he venous drainage system in the patients with CCSVI
ompared with the controls. In the CCSVI group, the
ynamics of the venous drainage system during plethys-
ography is strongly influenced by the second PC, whereas
ith the HCs, the second PC plays only a very minor
ontributory role. By plotting the first and second PCs
gainst the FG and EG, it is possible to determine the
xtent to which these components describe the behavior of
he venous drainage system. Fig 6 shows the results of this
nalysis and it can be seen that the CCSVI cohort exhibits
uch greater variance compared with the HCs, suggesting
hat within the cohort of patients with CCSVI, there is
onsiderable variability in the characteristics of their respec-
ive venous drainage systems.
Currently, CCSVI is diagnosed using ECD ultrasound
CSVI
 44)
Mean
CCSVI
(n  44)
Median
CCSVI
(n  44)
SD
CCSVI
(n  44)
Range P value F value
5.66 5.42 2.36 2.00-12.3 .52 0.418
4.45 4.39 2.16 1.07-10.54 .003 9.065
1.5 1.3 0.85 0.43-3.76 .001 14.282
1.37 1.06 1.34 1.27-4.6 .005 8.219
4.28 3.97 1.99 1.60-10.27 .241 1.393
2.66 2.66 0.95 1.13-5.21 .001 23.048
1.73 1.4 0.94 0.50-4.27 .001 12.084
41.02 41 12.12 17.00-67 .883 0.022
mptying time; EV, emptying volume; FG, filling gradient; FT, filling time;
ig 6. The result of principal component (PC) analysis. Left
anel, comparison of the correlation between the first PC and
mptying gradient (EG) found in controls (cross; R2  1.000) vs
hronic cerebrospinal venous insufficiency (CCSVI; circles) (R2 
.781). Right panel, comparison plotting the second PC against
lling gradient (FG), again stronger in controls (cross;R2 1.000)
han in CCSVI (circles; R2  0.515).C
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Volume 56, Number 3 Zamboni et al 683pretation and can be problematic and susceptible to oper-
ator dependency.36 This has led to considerable contro-
versy regarding the use of color Doppler ultrasound scan to
diagnose CCSVI in patients with MS.12-21 Given that the
cervical plethysmography technique produces clear quanti-
fiable results, this suggests that the new technique has great
potential as an inexpensive diagnostic tool. The current
study is at a preclinical phase. There is a need of more work
in order to identify reproducible cutoff values and the use of
PCA as a method to transpose in the clinical setting to
reduce the possibility of overlaps.
In particular, prolonged ET seems to be a strong indi-
cator of the presence of CCSVI, with cervical venous out-
flows on average 45% longer in patients with CCSVI com-
pared to the HCs, when the chair is returned to the sitting
posture. Having said this, when using ET alone, there is still
considerable overlap between the two groups, making di-
Fig 7. Receiver operating characteristic (ROC) analysis compar-
ing one variable model (emptying time [ET], dashed line) with
three-variables model (ET, filling gradient [FG], and emptying
volume [EV], interrupted line). The area under the curve in the
latter (ROC area, 0.8386) seems not to significantly increase the
diagnostic accuracy (ROC area, 0.7815).
Table II. Comparison of the three-variables model vs the
Model ROC area
Three-variables model:
EV, (mL), ET (sec), FG (mL/sec)
0.8386
One-variable model: ET (sec) 0.7815
CL, Confidence limit; ET, emptying time; EV, emptying volume; FG, empt
Overlay of ROC curves test: 2  2.8608; P  .0908.agnosis difficult. dAlso, when ET is used in conjunction with two other
arameters, FG and EV, we were not able to achieve greater
pecificity, as demonstrated in the ROC curve of Fig 7. It
eems that a three-variables model is redundant without
mproving specificity of cervical plethysmography (Table
I; Fig 7).
Several reports12-19 have shown that CCSVI might be
requently associated with MS. Although the relationship
etween these two conditions is not well understood,23,24
ur study seems to confirm abnormalities in cerebral ve-
ous outflow in a vast proportion of patients with MS. We
lso know that morphology and location of venous outflow
estriction can be different from patient to patient and also
he extent and the flow of substitute circles.37 Conse-
uently, venous drainage dynamics will tend to vary from
atient to patient depending on the specific nature of the
tenosis experienced. It is this inherent variability among
atients with CCSVI that we have identified using PCA—
omething that seems to be lacking in the CCSVI-negative
ubjects.
As such, our finding seems to mirror that of Doepp et
l,20 who observed changes in the venous drainage dynam-
cs of patients with MS when upright, compared with
ontrols—something that Beggs38 calculated could be
aused by occlusion of the venous pathways responsible for
ig 8. Plot of the first and second principal components (PCs) for
hronic cerebrospinal venous insufficiency (CCSVI) and healthy
ontrols (HCs).
variable model
95% CL Contract test results
8 0.7568-0.9205 Overlay of ROC curves:
DF  1
2  65.7454
P value: .0001
99 0.6838-0.8795
radient; ROC, receiver operating characteristic.one-
SE
0.04
0.04
ying grainage of blood when in the upright position. The im-
11
1
1
1
1
1
1
1
1
2
2
JOURNAL OF VASCULAR SURGERY
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venous outflow abnormalities in CCSVI condition is con-
firmed by a recent study in which the difference between
the flowmeasured in the supine in both IJVs/VVs and that
measured in the sitting position is almost zero in patients
with MS vs about 700 mL/minute in HCs.39
Although the results of our study are promising, we are
conscious of its limitations, which are linked to the limits of
strain-gauge plethysmography. Strain-gauge plethysmog-
raphy can be prone to a higher false-positive rate due to
venous compression arising from incorrect patient posi-
tioning, or the action of extrinsic masses. In order to
minimize false-positives, we carefully positioned the sub-
jects in the tilt chair and repeated the plethysmography
procedure three times. Because congestive heart failure can
also impede outflow in an otherwise normal venous system,
we screened individuals with this condition out of the study
so that none of the patients or controls presented with this
problem. Finally, measurement errors may occur due to
temperature changes in the conductor (which will affect
electrical resistance), shifting of the transducer with patient
repositioning, and selecting a neck area less sensitive to
volume expansion (eg, around the cricoid cartilage).
In conclusion, our results strongly suggest that CCSVI
is associated with profound changes in the dynamics of the
extracranial venous drainage system. Furthermore, we have
shown that cervical plethysmography can be used to iden-
tify these changes and to diagnose patients with CCSVI.
Being a diagnostic test that is much less prone to operator
error compared with ECD ultrasound scan, we believe that
cervical plethysmography has great potential as an inexpen-
sive diagnostic tool. Further research is needed in identify-
ing cutoff values, as well as the reproducibility of the test,
assessing intraobserver and interobserver variability. The
proposed methodology shows potentiality in monitoring
postoperative patients after restorative endovascular proce-
dures.
The authors thank Mr Giorgio Bergamo for the tech-
nical assistance in performing strain-gauge plethysmogra-
phy and Mrs Simonetta Piva for the independent statistical
analysis.
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analysis
Principal component analysis (PCA) is a statistical tech-
nique that uses an orthogonal transformation to convert
sets of possibly correlated variables into a set of values of
uncorrelated variables known as principal components
(PCs). It is widely used in predictive modeling to determine
relationships between independent variables and to identify
the key drivers in complex high-dimensional systems. It
involves determining the eigenvectors and eigenvalues of
the covariance matrix and projecting the multivariate data
into the space spanned by the eigenvectors to identify the
PCs. Eigenvectors are special vectors that, when acted on
by a particular linear transformation, produce a scalar mul-
tiple of the original vector. This scalar is known as the
eigenvalue that corresponds to the eigenvector. In PCA,
the transformation process is such that the first PC of the
system exhibits the greatest variance (ie, it accounts for as
much of the variability in the data as possible), with each
successive component (ie, the second, third, fourth, and so
on) in turn expressing the highest variance possible under
the constraint that it must orthogonal to (ie, uncorrelated
with) the preceding components.
In order to perform PCA of the data, we created a (n
2) matrix, X, for both study cohorts (ie, one matrix for the
HCs and another for the patients with chronic cerebrospi-
nal venous insufficiency [CCSVI]). The columns of the X
matrices comprised the filling gradient (FG) and emptying
gradient (EG) data for the both cohorts, which we mean-
adjusted. From this, we computed the (2  2) covariance
matrix, C:
CXT ·X (3)
We then computed the eigensystem decomposition of
C to determine the eigenvectors, W, and the eigenvalues,
D. Having done this, we projected the original data,X, into
the eigenspace (ie, the space spanned by the eigenvectors)
of its covariance to determine the matrix of raw PCs, Craw:CrawX ·W (4) bFinally, to identify the weighted PCs, Cweight, of the
igensystem, we multiplied the raw components, Craw, by
he associated eigenvalues, D:
Cweight Craw ·D (5)
It is often the case that the first PC accounts for the vast
ajority of the variance within a system, with the remaining
Cs making only a relatively minor contribution. In such
ircumstances, when the raw PCs are multiplied by their
espective eigenvalues, the resulting weighted PCs will be
uch that the first component remains largely unchanged,
hereas all the others will tend toward zero (as can be seen
n Fig 8). If, as in the case of the CCSVI cohort in Fig 8, the
econd weighted PC is not negligible (ie, tending toward
ero), then this means that the second PC also makes a
ignificant contribution to the overall variance within the
ystem.
In order to perform PCA of the data, we created a (n
) matrix, X, for both study cohorts (ie, one matrix for the
Cs and another for the patients with CCSVI). For ease of
eference, we shall describe only the generic methodology
sed. The columns of these matrices comprised the FG and
G data. From this, we computed the (2  2) covariance
atrix, C:
CXT ·X (3)
We then computed the eigensystem decomposition of
to determine the eigenvectors, W, and the eigenvalues,
. In order to determine the matrix of raw principal com-
onents, Craw, we projected the original data into the
igenspace of its covariance:
CrawX ·W (4)
Finally, to identify the weighted principal components,
true, of the eigensystem, we multiplied the raw compo-
ents, Craw, by the associated eigenvalues, D:
Ctrue Craw ·D (5)
Having determined the eigensystem, we then com-
ared the raw principle components with FG and EG to
valuate the extent to which these key metrics describe the
ehavior of the system.
